We developed a 3D interdigitated (IDA) array electrode consisting of Au nano particles, which increase the electrode surface. The electrode was fabricated using microfabrication and printing techniques. Electrochemical impedance spectroscopy was conducted to measure IgG concentration, when anti-IgG was immobilized onto Dithiobis (succinimidyl propionate) (DTSP) SAM/3D-IDA electrode. A linear relationship between charge transfer resistance (R ct ) values and the logarithm of IgG concentration was observed in the range of 1 µg/ml to 1 mg/ml.
Introduction
With recent significant progress of biotechnology, a biosensor is required downsizing and short time detection with high sensitivity to detect a small amount of analyte. Although there are many detection techniques for biosensing, electrochemical detection provides downsizing the package of the sensor. Electronic devices and circuits can be miniaturized with the combination of microfluidic devices for biosensing. 17 Various antigen-antibody reactions have been applied for biosensing since the reaction has superior molecular recognition property. Enzyme-linked Immunosorbent Assay (ELISA) is one of the high sensitive detection methods for biosensing. However, the method is time-consuming. Electrochemical sensors based on a change in an electrical quantity such as voltage, current, impedance or charge by a biochemical reaction are suitable for integration and microfabrication. Miniaturized electrochemical sensors have been investigated for the specificity and selectivity of biological components with the analytical advantages of electrochemical detection. Electrochemical Impedance Spectroscopy (EIS) is considered as one of the powerful methods, which records the changes of interfacial properties on modified electrodes. EIS observed changes in capacitance and resistance upon biorecognition events occurring at the modified surface. 812 We detect molecular interaction directly without labeling by using EIS. Micro fabrication technology was introduced to miniaturize the biosensors including microfluidics. 1315 We introduce three dimensional interdigitated array (3D-IDA) electrodes fabricated using the micro fabrication technology. The 3D-IDA electrode consisted of Au nanoparticles to increase the electrode surface, resulting in the increment of immobilized antibody surface. We measured IgG concentration using the 3D-IDA electrode chip by EIS.
Experimental
Dithiobis (succinimidyl propionate) (DTSP) was purchased from Tokyo Chemical Industry Co., Ltd. Monoclonal IgG antibody (anit-IgG) was obtained from Cayman Chemical Company. Human IgG was purchased from Oriental yeast Co., Ltd. Phosphate buffered saline (PBS) solution (10 mM, pH 7.4) was obtained from Cell Science and Technology Institute, Inc. Au nanoparticles (main particle diameter = 300 nm) were purchased from Tanaka Kikinzoku Kogyo K. K. (Au paste, AuRoFUSE· TR-194M).
EIS measurements were carried out at open circuit potential (OCP) without bias voltage in the frequency range of 0.110 5 Hz with a 5 mV amplitude using a potentiostat/galvanostat (Solartron SI-1287) and an impedance analyzer (Solartron SI-1254). Threeelectrode cell was used for the measurement as shown in Fig. 1 . In this case, Ag/AgCl was used as a reference electrode. EIS measurements were carried out using 700 µl of the PBS solution containing mixture of 5 mM Fe(CN) 6 4¹ and 5 mM Fe(CN) 6 3¹ for a redox probe. Change in charge transfer resistance (R ct ) at the electrode/electrolyte interface was investigated by electrochemical impedance.
The 3D-IDA electrode was fabricated on a glass substrate by lithography technique and vacuum deposition as follows. Cr/Au (50/200 nm) layers deposited and patterned a photoresist using a mask aligner (Mikasa MA-20) to get a planar (2D) IDA electrode by wet etching. Cr layer was used for an adhesion layer. The 2D-IDA electrode was set as 30 µm wide, 800 µm long, and 60 µm gap with 10 pairs. After the fabricating the 2D-IDA electrode, negative type sheet-photoresist (25 µm thickness) was laminated onto the glass substrate followed by the UV exposure. After the developing the Au paste was embedded into the pattern. Then, the glass substrate was heated at 200°C for 2 min to evaporate the solvent included in the Au paste and fuse each Au particles. To increase the thickness of the 3D-IDA electrode, the embedding and heating process repeated several times. Finally, the resist was broken away.
After the 3D-IDA electrode chip was cleaned with acetone and de-ionized water, it was exposed to 2 mg/ml solution of DTSP in acetone over night to form self assembly membrane (SAM). The DTSP SAM modified electrode was rinsed with acetone to remove any unbound DTSP followed by de-ionized water rinsing and then utilized for antibody immobilization. Anti-IgG were covalently attached to DTSP SAM by incubating the electrode for one hour. The chip was washed with PBS solution to remove any unbond biomolecules followed by a 30 min washing with BSA (0.1%) containing PBS solution.
Results and Discussion
Figure 2(a) shows laser microscopy images of the fabricated electrode with Au paste coated for 4 times. A cross sectional profile of the 3D electrode was presented in Fig. 2(c) . Width of the 3D electrode was corresponding to that of the planar electrode. These results showed that the proposed method was successfully fabricated the 3D electrode. The Au particles fused each other and attached to Au thin film at such a low temperature of 200°C with short heating time (2 min). Peak height of the electrode increased with the repetition of the coating below 3 times and was constant over 3 time repetitions. In this case, the peak height equalled to the resist thickness. Dimple pattern was observed on the top of the electrode as shown in Fig. 2(c) . Height of the bottom on the dimple pattern increased with increasing the number of repetition of paste coating. This characteristic was caused by the fabrication process since the Au paste was attracted to the wall by the surface tension. AFM image scanned over an area of 5 µm © 5 µm with the tapping mode as shown in Fig. 2(b) . The AFM image shows that the electrode had quite rough surface. The gap between the top and bottom at the scanned area was 350 nm. The grain size was compatible to the Au particles. These data indicated that the 3D-IDA electrode had large surface area for antibody immobilization. Honda et al. introduced electro deposition process to fabricate the 3D-IDA electrode. 16 However, the process is time-consuming and requires two step of deposition for Ni and Au. Figure 3 shows cyclic voltammograms of the 3D-IDA and 2D-IDA electrodes in 0.5 M Na 2 SO 4 solution including 10 mM K 3 [Fe(CN) 6 ]. In this case, electrode length was narrowed to be 300 µm by pattering a photoresist on the electrodes, and Pt counter electrode was used. One electrode (W1) was scanned from 0 to 0.6 V vs. Ag/AgCl reference electrode with the sweep rate of 10 mV/s. The other electrode (W2) was set as 0 V vs. Ag/AgCl electrode. Both voltammograms of the 3D and 2D-IDA electrodes approached to the sigmoidal shapes, which mean that steady state condition was established. The limiting current of 5.38 µA on the 3D-IDA was about 3 times larger than that on the 2D-IDA (1.65 µA). The limiting current on the 2D-IDA was close to the theoretical value (1.72 µA) estimated using the equation described in Aoki et al. 17 The collection efficiencies of 3D and 2D-IDA were estimated 58% and 66%, respectively. Lower collection efficiency on the 3D-IDA might be caused by unclean electrode surface with residual photoresist because of its significant rough surface.
Complex impedance (Z) measured by EIS is presented as the sum of the real part (Z real ) and imaginary part (Z img ). Plots of ¹Z img vs. Z real at a frequency was called Nyquist plots. Figure 4 shows Nyquist plots of the 3D-IDA coated with and without anti-IgG/ DTSP SAM. The Z-view modeling program was used to analyze the impedance spectra. Ohmic resistance of the electrolyte solution (R s ) was about 60 ³ in all the measurements. Diameter of semicircle represents R ct on the electrode surface. In Fig. 4 (ii), increase in R ct from 5. Electrochemistry, 80(5), 305307 (2012) the 3D-IDA electrode. A linear relationship between the ¦R ct values and the logarithm of IgG concentration was observed in the range of 1 µg/ml to 1 mg/ml as shown in Fig. 4 (inset) . ¦R ct shows the difference of R ct on IgG concentration of 0 µg/ml and that of a certain concentration. The sample volume can be reduced to a few dozen micro liters when a sample well made of a thick film photoresist is designed on the chip surface. The sensitivity would be improved by decreasing the electrode width and the number of electrode pairs. EIS for biosensing doesn't need a flow system, which is suitable for a handy-type biosensor.
Conclusion
We demonstrated the fabrication of the 3D-IDA electrode to increase the effective electrode surface by using Au nanoparticles. The electrode had quite rough surface with the gap of peak to peak of 350 nm. Au nanoparticles fused each other and were stablyattached to Au thin film. Anti-IgG/SAM coated 3D-IDA electrode was used to measure IgG concentration by EIS. Diameter of the Nyquist plots increased with IgG concentration. 
